The influence of a ridge on the mean flow and turbulence structure is investigated through statistical wind data obtained from measurements for the period of 12 months from January to December 2008 at four sites in Chitradurga district, Karnataka. The wind speed at a height 55m level were measured using 3-cup anemometers attached to booms on a met mast. The statistical wind data set was analyzed and the mean bias between the sites was determined. The wind speed time series data of the respective sites were analyzed to study the local flow phenomena over topography. Results showed that the mean wind speed for the four sites was 6.59 m/s, 7.36 m/s, 5.91 m/s and 6.36 m/s at 55m level. Results depict that the large surface roughness and hindrances such as ridge reduces the speed of the wind significantly. This effect reduces with increasing height. The turbulence intensity of the second site on ridge 1 is considerably low as it is at a higher altitude compared to the site on ridge 2. Significant direction changes were induced due to the undulations.
Introduction
Due to the present day energy demand and growing environmental consciousness, it has become imperative to supplement our energy base with clean and renewable sources of energy. Wind is one of the potential renewable energy sources which can be harnessed in a commercial way. A detailed knowledge of wind characteristics is a pre-requisite for efficient planning and implementation of any wind energy project. Wind blows due to the warming and cooling of the earth's atmosphere and the changes in temperature. In extreme cases the wind energy can be destructive in nature. Fortunately, most regions of the country experience moderate range of wind speeds that can allow human to extract energy from the wind. There is a need in India to develop site specific technology on wind energy which can be used for wind farming.
A proper analysis of statistical wind data is a very important step when performing a wind resource assessment campaign which supports a wind energy feasibility initiative. In the present study, profiles of mean wind speeds and vertical turbulence intensity are evaluated for data categorized into groups based on mean wind speed or direction to study the characteristics of wind over a ridge. Moreover the effects of terrain roughness and the hindrances such as ridges are discussed through comparison of these characteristics at the four sites. The hourly measurements of surface winds in the year 2008 at four stations namely A1, A2, A3 and A4 at Chitradurga district in Karnataka have also been analyzed to study the seasonal and diurnal wind characteristics.
Site Description
The four observation sites (Table-1 ) are located at Chitradurga district in Karnataka. The observation sites A1, A2, A3 and A4 are located on a ridge (ridge 1) at a spacing of 5.47km, 5.1 km and 4.08 km from each other. In the vicinity of the observation sites there are undulations comprising of small scale hills (complex terrain) and the site has a ridge to its west at a distance of 2km.The particulars of the sites that are aerial to the observation sites on the other ridge (ridge 2) are given in Table- 2.The sites on the ridge-2 are considered to study the flow of wind in the presence of an obstacle (ridge 2 is considered as an obstacle in this paper). The stations on the ridge 2 are at a spacing of 5.14kms, 5.59kms and 3.91kms from each other respectively. The slope of the sites under study are 14°, 5°, 6° and 4° respectively and the slope of the sites on ridge-2 are 9°, 15°,6° and 26° respectively. The distance between A1 and A1-ref is 3.36kms.Likewise the second, third and the fourth stations are around 2.51kms, 5.32kms and 5.67kms apart from the stations aerial to those under study on the other ridge (Ridge 1) 
Wind Data
Four, met towers were installed and equipped with wind speed and direction sensors at 78m, 55m and 40m levels, a data logger and temperature and pressure sensors. The observation periods were about 00:00hrs from 1 st January, 2008 until 31 st December, 2008 for all the sites under study. The highest monthly mean wind speeds measured at the four stations were 9.03m/s, 10.1 m/s, 8.94m/s and 9.14 m/s respectively at 55m AGL (Above ground level) in the month of June.
Cup anemometers were used for the measurements. Only samples that showed a "collectable data rate" were adopted as effective samples. Here the collectable data rate is defined as the ratio of the number of "valid data" to the total number of data. Additionally, all results discussed here are based on a single set of 10-min mean data. The data recovery rate for the first station A1 is 99.83%, for the second station A2 is 98.38%, for the third station A3 and for the fourth station A4 the recovery rate is 100%.
The data were divided into 16 segments based on the reference wind direction R. The azimuth angle is defined as clockwise from the north direction.
Model Formulation

Annual average wind speed
A first rough judgment about the potential of the site can be made on the basis of the annual average wind speed, i.e. the average of all measured data, including calm over a period of one year. The mean of the wind speed ( ) over a period of time is defined as =1/n u i (1) The sample size or the number of measured value is n. u I is measured wind speed values.
Wind power density
Wind Power Density is given as,
(2) Where is the air density and v is the average wind speed.
Air Density
Air density is given as, = (P/RT) kg/m 3 (3) When temperature and elevation of the site is known then air density is given as, = (P 0 /RT) exp (-gz/RT) (4) Where P 0 is the pressure (1013.25 kPa), acceleration due to gravity g=9.81, R=gas constant (287.04 J/kgK), T is the temperature (in kelvin) and z=Elevation of the site (m).
Power Law Index
Wind shear is defined as the change in horizontal wind speed with change in height. The degree of wind shear depends mainly on two factors, atmospheric mixing and the surface roughness of the terrain. Knowledge of wind speeds at heights greater than height of measurement is useful in the selection of heights of wind turbine to be installed at a location. If measurements are not available, this can be estimated by the power law relationship: u 2 /u 1 =(z 2 /z 1 ) (5) Where u 2 and u 1 =mean wind speeds at height z 1 and z 2 and is power law index.
Energy Pattern factor
Energy Pattern Factor (EPF) is a useful parameter for calculating the available energy in the wind from the knowledge of the mean annual or monthly wind speed. EPF is a ratio of sums of the cubes of all individual hourly values considered in a sample divided by the cube of the mean wind speed of the sample and is given by EPF= u i 3 /n/( ) 3.
(6)
The Weibull Distribution
The Weibull distribution is often used in the statistical analysis of data. It is used to represent the wind speed distribution in wind energy analysis. The Weibull distribution function is given by:
Where p(V) is the frequency or probability of occurrence of wind speed V, c is the Weibull scale parameter with unit equals to the wind speed unit and k is the unit less Weibull shape parameter.
k>1-function is maximum away from the origin k<1-decreasing k=1-exponential distribution k=2-raleigh distribution k=3.5-normal distribution Generally k value is between 1.5 and 3.
Fig2: Weibull distribution function
Turbulence Intensity
The short term perturbations of wind velocity at a given point in space over a time averaged mean value is characterized by rapid changes in three dimensional spaces. Turbulence intensity of a site is given as I u = ( u / u) (8) Where u isthe standard deviation and u is the average wind speed (m/s)
Wind Rose
Wind Rose is the diagram that indicates frequency of occurrences of winds shown in each direction sectors and different wind speed classes for a given location and for given time. It is a graphic tool used by meteorologists to give a succinct view of how wind speed and direction are typically distributed at a particular location.
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Profiles of mean wind speed
The wind speed data at four stations are statistically analysed . Fig 3. Shows the mean monthly wind speed values at 78m level of the four stations under study namely A1, A2, A3 and A4 at Chitradurga district in Karnataka. There is a clear bell shaped trend which is prominent throughout the year. This similar pattern has been observed for the year 2008 for the other three stations also. The maximum annual wind speed among the four stations is at A2 which is about 10m/s. The mean monthly wind speed is higher in June and July and it varies from 9.0 to 10.0 m/s. The wind power density (WPD) varies from 620 Watts/m 2 to 680 Watts/m 2 during the peak wind season. From the above graphs, it is clear that the second site A2 has the highest wind speed. It is because site A2 is at a higher altitude than A2-ref i.e. the altitude of A2 is 980m and that of A2 ref is 948m.Thus the wind blowing towards A2 has less turbulence. Whereas, the other three sites namely A1, A3 and A4 are at lower altitude than the sites on ridge 2.Thus the wind blowing towards the site has higher turbulence as the ridge 2 acts as an obstacle for these three sites.
Based on simultaneous measurements of the wind speed at the sites under study, the average wind speed does not differ notably, but it decreases considerably when the altitude decreases. For example, when the average wind speed is 10.05m/s at the site with higher altitude (on Ridge 1), the wind speed decreases to 8.94m/s at the site with lower altitude. However, with a distance of 5.17 km between A2 and A3 and having higher difference in altitude between the sites is very high, there is no considerable difference between them on the same ridge.
The diurnal variation of the hourly mean wind speed for the year 2008 shows only one peculiar feature as depicted in the fig 6 for the sites under study. This graph shows the mean wind speed for each hour of the day and for each height above ground. There is a V shaped trend which is evident throughout the year. This similar pattern has been observed for all whole year for other three stations. 
Characteristics of vertical turbulence intensity
The characteristics of vertical turbulence at A1, A2, A3, A4 includes relative comparison between four sites and will be discussed in this section. Turbulence intensity of the four sites on ridge-1 under study at 15m/s is found to be 0.124 for A1, 0.109 for A2, 0.137 for A3 and 0.110 for A4. The turbulence intensity is high for the third site as A3 ref on ridge 2 is at a higher altitude. The difference in their altitudes is considerably high.
Profiles of vertical turbulence intensity
Vertical turbulence intensity I w is defined as w /U. Fig 8 shows profiles of vertical turbulence intensity at A1, A2, A3 and A4. It is obvious from the Fig 08 that as the altitude increases turbulence intensity decreases. The second site whose elevation is high compared to the other sites under study has less turbulence intensity.Thus altitude and turbulence intensity are indirectly proportional to each other in the sites under study. 
Profiles of mean wind direction
Profiles of mean wind direction (Z) at altitude Z at the four sites is shown in Fig 09. It shows the dominant wind direction that is an important parameter in the installation and arrangement of wind turbines and construction fields. The predominant wind direction of the first site A1 is North (N) and the predominant wind direction of the second site A2 is West of south west (WSW). In the same way the predominant wind direction of the third and the fourth site namely A3 and A4 was found to be North East (NE) and South of south west (SSW). As there are many undulations in the terrains there is considerable variation in the mean wind direction among the four sites under study. 
Conclusion
Wind speeds and wind directions were obtained at four sites from observation over a period of 1 year. It was intended to investigate the features of the profiles of mean wind speed and turbulence intensity at four observation sites by analyzing the measured data on a ridge. Moreover, the terrain roughness and effect of hindrances (ridges) on wind speed are also evaluated. The data at 4 different altitudes on the same ridge were adopted for analysis and the data were categorized into groups based on the wind speed and wind direction. The features of the profiles of mean wind speed and vertical turbulence intensity were examined from their ensemble averages in each category.
The average wind speed at A2 is about 7.36 m/s which is the place of maximum wind speed among the four stations under study and also its turbulence intensity is comparatively less than the other three stations. The Wind Power Density of A2 ranges from 150Watts/m 2 to 700 Watts/m 2 throughout the year. From the results, it is observed that A2 has the highest wind speed than the other sites. It is because the site on the wind ward ridge 2 is at a lower altitude than A2. Thus the wind blowing towards A2 has less turbulence. Whereas, the other three sites namely A1, A3 and A4 are at lower altitude than the sites on ridge 2.Thus the wind blowing towards the site has higher turbulence as the ridge 2 acts as an obstacle for these three sites.
However, according to the simultaneous measurements of the wind speed at the sites under study, the average wind speed does not differ notably, but it decreases considerably when the altitude decreases which is expected normally in plain terrain. Though, the distance between the second and the third site is 5.17kms and also the difference in altitude between the sites is very high, there is no considerable difference between them.
For wind blowing over an inland fetch, no remarkable variation between the inland sites can be detected. The vertical turbulence intensities were also analyzed for all measured data. The turbulence intensity of the third site is considerably high because of the higher difference in the altitude between A3 and A3 ref. Considerable changes in wind directions are induced due to the undulations.
